B values between +20 and +50 ‰, within the isotopic composition range characteristic of animal manure. These samples tend to have high nitrate concentrations (>50 mg/L as NO 3 ). These results are consistent with isotopic composition of nitrogen in nitrate (δ 15 N) data from Singleton et al. (2010) , indicating that animal manure is a primary source of nitrate in most groundwaters measured in this study. Seven samples have δ 11 B values less than +20 ‰, outside of the animal manure δ 11 B range. These groundwaters tend to have low nitrate concentrations (<10 mg/L as NO 3 ). No samples measured in this study have boron or nitrate isotopic compositions consistent with a mineral fertilizer nitrate source. Five sampled groundwaters have δ 11 B values greater than +50 ‰, significantly higher than any known anthropogenic boron source. More work is needed to assess the source of nitrate and boron in the groundwaters with δ 11 B greater than +50 ‰.
SAMPLES AND METHODS
The analytical methods used in this study are described in detail in Eppich et al. (2011) . In short, groundwater samples were collected unfiltered from wells in clean 50 mL polyethylene centrifuge tubes, following the methods of Singleton et al. (2010) . Boron concentrations, NO 3 concentrations, and other water chemistry data used in this study were measured by laboratories subcontracted by the SWRCB. These data were obtained from the State of California Water Board's Geotracker GAMA Database (SWRCB, 2011) , accessed in March 2011
For isotopic analysis, boron was chemically separated from samples using an ion-exchange technique (using the boron-specific ion-exchange resin Amberlite IRA-743) adapted from Lemarchand et al. (2002) and Guerrot et al. (2011) . Isotopic composition measurements were performed using a standard-sample-standard bracketing routine on a Thermo Neptune MC-ICP-MS at University of California -Davis (Appendix B, Eppich et al., 2011) . The boron isotopic standard NIST SRM 951 was measured before and after each sample measurement; these data were used to correct for instrumental mass bias. Due to the tendency of boron to sorb to front-end components of the mass spectrometer (the "memory effect"), background corrections are typically non-negligible for boron isotopic measurements by ICP-MS (Al-Ammar et al., 2000 11957) . Blank solutions were measured before each sample and standard measurement. Mass 11 blank signal intensity was typically less than 5 % of mass 11 sample and standard intensity; mass 10 blank signal intensity was typically <1 mV on a Faraday detector. To assess whether isotopic fractionation occurred due to chemical purification (Lemarchand et al., 2002) , boron isotopic standards NIST SRM 951, IAEA-B-2, and IAEA-B-3 were chemically purified and analyzed with each sample batch.
Boron isotope ratios were calculated relative to NIST SRM 951 using Eq. 1, Equation 1:
where R sample is the sample 11 B/ 10 B ratio and R SRM 951 (1) and R SRM 951 (2) are 11 B/ 10 B ratios of NIST SRM 951 measured before and after R sample . All ratios are corrected for blank. Isotopic composition is reported using delta notation (δ 11 B) in per mil (‰) relative to NIST SRM 951.
We selected a subset of 56 samples to analyze for δ 11 B (Table 1) . Samples were chosen to represent a wide geographic distribution throughout San Diego County. Furthermore, we chose samples for δ 11 B analysis that had been previously measured for nitrate isotopic composition by Singleton et al. (2010) . These samples have high nitrate concentrations (>10 mg/L) relative to samples not chosen for analysis. Therefore, δ 11 B results reported here reflect sampling bias towards high-NO 3 samples. Quality Assurance/Quality Control (QA/QC) criteria, established for δ 11 B analyses by Eppich et al. (2011) , were met for all sample batches processed through boron purification chemistry (Tables 2-4) . Accuracy was assessed by measurement of reference standards with known isotopic composition. Measurements of purified NIST SRM 951 were within 0.75 ‰ of the certified value (δ 11 B = 0 ‰, by definition) ( Table 2) . Measurements of groundwater boron isotopic standards (IAEA-B-2 and IAEA-B-3) purified in the same manner as the samples were typically within 1.5 ‰ of recommended values (Gonfiantini et al., 2003 11955) (Table 2 ). In one case, the measured isotopic composition of IAEA-B-2 was 2.6 ‰ lower than the recommended value (Batch 6). However, measurements of NIST SRM 951 and IAEA-B-3 were within specifications for this batch, suggesting that this measurement is an outlier.
Analytical precision and reproducibility was assessed both from statistics of individual analyses and from analysis of submitted field duplicates (collected during the same sampling event into two bottles) and by analyzing procedural duplicates (performed by taking two aliquots of water from the same bottle). Analytical precision for individual analyses was typically better than 0.25‰. Field duplicates of domestic well groundwater sample SD 831 were analyzed for boron isotopic composition (Table 3) , and were reproducible to better than 1.5 ‰. Procedural duplicates were performed for a minimum of one sample in each batch (eight duplicates total; Table 4), and were typically reproducible to better than 1.5 ‰. In two cases (SD 843 and SD 946) , the difference between the two measurements was 2.34 and 2.27 ‰, respectively. The sample dataset is too limited to assess sample heterogeneity (possibly related to the fraction of colloidal material aliquoted in each replicate) as a source of slight deviations in boron isotopic composition in replicate analyses. These deviations are not significant enough to affect the conclusions of this report. We conservatively report uncertainty for δ 11 B as ±1.5 ‰, based on replicate analysis of samples and reference standards. "nd" = not detected; "na" = not analyzed. (Widory et al., 2004; Widory et al., 2005) . Singleton et al. (2010) reported water and nitrate isotopic results for the same San Diego County groundwater samples measured in this study; we present plots of those data here (Fig. 2 and 3) . Water isotopic data ( Figure  2 ) generally plot along the Global Mean Water Line (Craig, 1961) , indicating that these groundwaters have a meteoric origin, and were not strongly affected by evaporation prior to recharge. (Craig, 1961) . Isotopic data are from Singleton et al. (2010) . Nitrate concentration data are from the Geotracker GAMA Database. Figure 3 shows the isotopic composition of potential nitrate sources based on literature data (Kendall, 1998; Xue et al., 2009) (Kendall, 1998; Xue et al., 2009 ). The oxygen isotope ranges of nitrate from nitrified sources are calculated based on the observed oxygen isotope compositions of water measured in the study area. Horizontal error bars are smaller than the symbols. Isotopic data are from Singleton et al. (2010) . Nitrate concentration data are from Geotracker GAMA Database.
Nitrate:
The isotopic composition of nitrate in sample San Diego domestic wells waters is typically between 0 to +15‰ for δ 15 N and 0 to +10‰ for δ 18 O. Although most of the sampled groundwaters have δ 15 N compositions within the source fields for soil nitrate, wastewater, and animal manure, and many fall outside of the range of these sources, with higher δ 18 O values than expected (Fig. 3) . A few outliers have higher δ 15 N and δ
18 O values, possibly due to denitrification (Fig. 4) Xue et al., 2009 ). None of the sampled groundwaters fall in this range, and all but two do not have compositions consistent with mixing between outside of the range for the sampled groundwaters (although two samples have nitrate isotopic compositions consistent with some mixing of nitrate fertilizer with a manure or sewage source). Nitrification of ammonia or ammonium fertilizer is also unlikely to be a sole source since only six samples from this study, and none of the highest NO 3 concentration (>100 mg/L) samples, have the low δ 15 N isotopic compositions (δ 15 N = -5 to +5‰, δ 18 O = +0.1 to +5.3‰) characteristic of ammonium fertilizer.
Discussion
Wastewater and animal manure have distinct boron isotopic signatures. Wastewater contains high boron concentration primarily due to the use of detergents. Boron in detergents is derived from borax deposits (often containing other boron-bearing minerals such as kernite and ulexite) with typical δ 11 B values of -20 to +10‰ (Finley et al., 1962; Mcmullen et al., 1961; Oi et al., 1989; Swihart et al., 1986) , and wastewater δ 11 B has been shown to be largely within this range (-8 to + 13 ‰; Accoe et al., 2008; Bassett et al., 1995; Eisenhut and Heumann, 1997; Seiler, 2005; Tirez et al., 2010; Vengosh et al., 1994; Widory et al., 2004) . In contrast, measurements of δ 11 B in animal manure are typically between +15 to +50‰ (Accoe et al., 2008; Komor, 1997; Tirez et al., 2010; Widory et al., 2004) . Although Widory et al. (2004; 2005) subdivide the animal manure signature into cattle, hog, and poultry signatures, these end-member δ 11 B signatures overlap considerably, are based on only a few measurements, and seem biased towards their highest measured values (which may be outliers). Therefore, we use δ 11 B values of +20 to +50‰ for the animal manure range, and do not distinguish livestock species. Groundwaters measured in this study contain relatively high concentrations of both nitrate and boron (NO 3 > 50 mg/L, B > 10 ug/L) relative to typical natural levels. However, not all potential nitrate sources contain high concentrations of boron. Many previous studies have shown that wastewater has high concentrations of both nitrate and boron (approximately 1-5 mg/L of boron; Eisenhut and Heumann, 1997; Vengosh et al., 1994) . Animal manure has also been shown to have variable but high boron concentrations (up to 8 mg/L; Komor, 1997) . In contrast, most mineral fertilizers typically have low boron concentrations, excepting rare fertilizers that include boron as a major component Komor, 1997; Tirez et al., 2010) . The relationship between boron and nitrate in sampled groundwaters can be seen in Figure 5 . There is no straightforward relationship between boron and nitrate in these samples. Although there is a broad positive correlation between boron and nitrate concentrations, some samples have high nitrate concentrations and relatively low boron concentrations (albeit higher than typical background boron concentrations of <10 μg/L). Conversely, some samples have greatly elevated boron concentrations (>200 μg/L), and nitrate concentrations approaching background levels. The high-boron low-nitrate samples have low δ 11 B values relative to samples with higher nitrate concentrations; this may imply the presence of a second, probably non-anthropogenic boron source. By combining groundwater δ 15 N and δ 11 B data on a single plot, it is possible in some cases to resolve the distinct isotopic signatures of animal manure, wastewater, and mineral fertilizer nitrate sources. To make this determination for San Diego County groundwaters, we use the δ 15 N data from Singleton et al. (2010) N ranges. However, it should be noted that when groundwater contains a mix of nitrate sources, source identification will be biased toward those with the highest concentration of boron. . Nitrate isotope data is reported relative to air; boron isotope data are reported relative to NIST SRM 951. Horizontal error bars are smaller than the symbols. Gray boxes represent fields of isotopic composition; nitrate isotope fields are from Kendall, 1998 and Xue et al., 2009 . Fields for boron isotopic composition compiled from measurements of wastewater, animal manure, and mineral fertilizers (Accoe et al., 2008; Bassett et al., 1995; Eisenhut and Heumann, 1997; Komor, 1997; Leenhouts et al., 1998; Seiler, 2005; Vengosh et al., 1994; Widory et al., 2004) . Nitrogen isotopic data from Singleton et al., (2010) . Nitrate concentration data are from Geotracker GAMA Database.
Nitrate, boron, and δ 11 B systematics of sampled groundwaters are summarized in Figure 7 .
Groundwaters with low nitrate concentrations are characterized by low NO 3 /B ratios and δ
11
B values between +0 and +50‰, while manure-contaminated groundwaters have high NO 3 /B ratios and δ 11 B values between +20 and +50‰. Variability in the uncontaminated end-member groundwater can be partially explained by the natural variability of precipitation δ 11 B (Rose-Koga et al., 2006) . Boron in atmospheric precipitation is ultimately derived from seawater (δ 11 B = 39.6 ‰; Foster et al., 2010) , but can vary considerably in isotopic composition due to isotopic fractionation associated with evaporation and condensation (Rose-Koga et al., 2006) . In most settings, the isotopic composition of boron in atmospheric precipitation varies from +20 to +45‰, and is dependent upon local weather and climate, as well as atmospheric contamination (e.g., Fogg and Duce, 1985; Millot et al., 2010; Rose-Koga et al., 2006; Rose et al., 2000) . Bedrock/soil dissolution is another process resulting in the introduction of boron to groundwater. Crystalline bedrock contains boron in concentrations of several μg/g, and with δ 11 B values of -5 to +5‰ (Palmer and Swihart, 1996 and references therein). Non-marine evaporites (δ 11 B = -20 to +10‰) are common in some sedimentary settings, and may contribute greatly to the groundwater boron budget. Dissolution of either rock type will load groundwater with boron, resulting in a lowering of groundwater δ 11 B from precipitation values towards these lower values (Negrel et al., 2012; Palmer and Swihart, 1996) . Some boron-rich rock types, such as evaporates, are expected to dominate the boron budget of local groundwater (Negrel et al., 2012) which may obscure the signature of anthropogenic boron. Five samples have anomalously enriched δ 11 B values (greater than +50‰, Fig. 6 ), among the highest ever measured in natural waters. Natural sources with such anomalous δ 11 B signatures, such as marine brines and hot springs (Palmer and Swihart, 1996; Vengosh et al., 1991) are unlikely sources of boron in this environment. All five of these samples have NO 3 greater than 50 mg/L. There is no currently known anthropogenic source for boron with such high δ 11 B. The upper range of the animal manure δ 11 B is poorly-known and may extend to values greater than +50‰. More work must be performed to constrain the source(s) of boron and nitrate in these anomalous groundwaters.
CONCLUSIONS
San Diego County groundwater samples measured in this study vary in boron isotopic composition (δ 11 B) from -0.8 to +64.4‰. Most sampled groundwaters have δ 11 B between +20 and +50‰. There is no simple relationship between δ 11 B and boron concentration, although the high-NO 3 samples tend to have δ 11 B values greater than +20‰. Nitrogen and oxygen isotopic compositions of nitrate from Singleton et al. (2010) indicate that the primary sources of nitrate are either animal manure or sewage. By combining this data with boron isotope measurements from this study, we determined that animal manure is the most likely primary source of nitrate in most groundwaters. One groundwater (SD 819) may also have a significant wastewater nitrate source. No sampled groundwaters have boron and nitrate isotopic compositions consistent with a mineral fertilizer nitrate source. Five sampled groundwaters have anomalously high δ 11 B values (>50‰), significantly higher than the known isotopic range of anthropogenic boron. More work must be performed to understand the source of boron and nitrates in these anomalous groundwaters.
